The observation of electric dipole moments (EDMs) in atomic systems due to parity and time-reversal violating (P,T-odd) interactions can probe new physics beyond the standard model and also provide insights into the matter-antimatter asymmetry in the Universe. The EDMs of open-shell atomic systems are sensitive to the electron EDM and the P,T-odd scalar-pseudoscalar (S-PS) semi-leptonic interaction, but the dominant contributions to the EDMs of diamagnetic atoms come from the hadronic and tensor-pseudotensor (T-PT) semileptonic interactions. Several diamagnetic atoms like 129 Xe, 171 Yb, 199 Hg, 223 Rn, and 225 Ra are candidates for the experimental search for the possible existence of EDMs, and among these 199 Hg has yielded the lowest limit till date. The T or CP violating coupling constants of the aforementioned interactions can be extracted from these measurements by combining with atomic and nuclear calculations. In this work, we report the calculations of the EDMs of the above atoms by including both the electromagnetic and P,T-odd violating interactions simultaneously. These calculations are performed by employing relativistic many-body methods based on the random phase approximation (RPA) and the singles and doubles coupled-cluster (CCSD) method starting with the Dirac-Hartree-Fock (DHF) wave function in both cases. The differences in the results from both the methods shed light on the importance of the non-core-polarization electron correlation effects that are accounted for by the CCSD method. We also determine electric dipole polarizabilities of these atoms, which have computational similarities with EDMs and compare them with the available experimental and other theoretical results to assess the accuracy of our calculations. * Electronic address: bijaya@prl.res.in 2
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I. INTRODUCTION
Attempts to observe an electric dipole moment (EDM) of a non-degenerate system have been steadily gaining ground for the last few decades [1] [2] [3] [4] [5] [6] . A non-zero EDM of a non-degenerate system is only possible if the system simultaneously violates parity (P) and time-reversal (T) symmetries [7] [8] [9] . In conformity with the CPT theorem [10] , T violation implies charge-conjugation and parity (CP) violation. Though there have been direct observations of CP and T violations in the neutral K-and B-mesons [11, 12] , but not in other systems. The observed CP and T violations are hadronic in nature, but it is possible that the sources producing leptonic and semi-leptonic CP violations could be responsible for the current matter-antimatter asymmetry in the Universe [13, 14] . The model dependent analysis of particle physics suggest a range of allowed CP violating interactions among elementary particles at different energy scales. The observed CP violations at lower energy scales in the K-and B-mesons have been explained by the most celebrated standard model (SM) of elementary particle physics through the Cabibbo-Kobayashi-Maskawa (CKM) matrix. However, this model predicts very small values for the EDM of the electron and the coupling coefficients for the lepton-hadron CP-violating interactions. Nonetheless, the SM is able to explain many of the observations of the fundamental properties of elementary particles, but it is unable to account for the finiteness of the neutrino masses, the matter-antimatter asymmetry of the Universe, the origin of dark matter and a few other phenomena that are of immense interest today. This leads one to believe that the SM is an intermediate manifestation of a more complete theory that needs to be uncovered. Therefore other more sophisticated extensions of the SM like the multi-Higgs, supersymmetric, left-right symmetric models have been proposed [15] [16] [17] . These models could hold the key to some of the profound unresolved questions in particle physics.
The P and T violating (P,T-odd) interactions producing permanent EDMs of physical systems are very sensitive to beyond the SM (BSM) physics. These interactions correspond to very high energies and are beyond the reach of the present day accelerator facilities like the large hadron collider (LHC). However, EDMs of paramagnetic atoms and polar molecules have been reported [3, 4, 18, 19] . These systems are sensitive to a limited number of processes (e.g. leptonic, hadronic, Higgs, etc.) which arise only in selected particle physics models. In contrast, the sources of EDMs in the diamagnetic atoms can support new physics in multiple sectors of a variety of extensions of the SM. The EDMs of diamagnetic atoms arise predominantly from the electron-nucleus (e-N) tensor-pseudotensor (T-PT) interaction and the interaction of electrons with the nuclear Schiff moment (NSM) [16, 20] .
The e-N T-PT interaction is the result of the CP violating electron-nucleon (e-n) interactions which arises from CP violating electron-quark (e-q) interactions at the level of elementary particles that are predicted by the leptoquark models [20] . On the other hand, the NSM can exist due to the CP violating pion-nucleon-nucleon (π-n-n) interactions, which in turn have their origins in the CP violating quark-quark (q-q) interactions or the EDMs and chromo-EDMs of quarks that are predicted by certain supersymmetric models [15] [16] [17] . In order to obtain precise limits for the coupling constants of these interactions and the EDMs of quarks, it is imperative to perform both experiments and relativistic many-body calculations reliably on atoms.
There have been remarkable advances in the past few decades in high precision measurement techniques, particularly those involving the cooling and trapping of atoms and molecules. Some of these have already been brought to bear on the measurement of EDMs in atomic and molecular systems. A breakthrough in these experiments resulting in the observation of an EDM in the foreseeable future is not beyond the realm of possibility. In fact, lowering the limits of atomic EDMs (d a ) by a few more orders would be desirable as that could discard some of the existing models of particle physics. Earlier, spin-exchange pumped masers and a 3 He co-magnetometer were used by Rosenberry and Chupp to yield an upper limit for the EDM of 129 Xe atom, d a ( 129 Xe) = 0.7±3.3(stat)±0.1(sys)×10 −27 e-cm [21] . Recently, new proposals to measure the EDM of this atom have been made by taking advantage of its relatively long spin relaxation time [22] [23] [24] [25] [26] . Inoue et al. [22] propose to utilize the nuclear spin oscillator technique [27] for carrying out the measurement of the Larmor precession lower than the above limit. On the other hand, it is anticipated that atoms like 223 Rn and 225 Ra will have large enhancements of the EDM signal owing to the large octupole deformed nuclei in these atoms [28] . Motivated by this idea, experiments to measure EDMs of these atoms are also in progress [24] . Even a measurement of the EDM of the radioactive element 225 Ra atom for the first time has been reported with an upper limit as |d a ( 225 Ra)| < 5.0 × 10 −22 e-cm [2] . However, the lowest EDM limit that has been obtained to date is from 199 Hg and it is |d a ( 199 Hg)| < 7.4 × 10 −30 e-cm with 95% confidence level [1] .
As mentioned earlier, only the combined results of the atomic and nuclear calculations with the measured values of the EDMs of atoms are useful to constrain various CP-odd coupling constants. [34] [35] [36] , multi-configuration Dirac-Fock (MCDF) method [37, 38] , a combined configuration interaction (CI) method with approximate many-body perturbation theory (MBPT ) [39] , and also another perturbed RCC (PRCC) method [40] . The differences between these methods have been extensively discussed by us in our earlier works [29] [30] [31] [32] [33] and the details can be found in a recent review [6] . The RPA method accounts for only the mean-field and the core-polarization effects to all-order. The coupled-cluster (CC) method, which has been referred to as the gold standard for many-body theory [41] [42] [43] has been applied to nuclear [44] , atomic [45, 46] , molecular [47, 48] and condensed matter systems [49, 50] . Some of the notable features of this method is that even the truncated (R)CC methods at a given level of excitation is equivalent to including correlation effects to all-orders in the residual interaction [41, 42, 47] , owing to the exponential ansatz in expressing the wave function, it is size-extensive and size-consistent [41, 42] and amenable to high performance computational techniques [42, 47, [51] [52] [53] . It is also necessary to use relativistic theory for studying EDMs in atomic systems as EDMs are prominent only in heavy atomic systems in which relativistic effects are strong. Also, contributions from the electron EDM to the atomic EDM can only be explained by a relativistic theory [54] [55] [56] [57] .
In this paper, we present our results for The rest of the paper is organized as follows: In the next section, we briefly mention about the theory of atomic EDMs and present the T-PT and NSM interaction Hamiltonians used for the EDM calculations. Then, we describe our many-body methods and procedures for obtaining atomic wave functions at various levels of approximations. This is followed by discussions on our results and comparison of these values with the previously performed calculations. Unless stated otherwise, we use atomic units (a.u.) throughout this paper.
II. DOMINANT SOURCES OF P,T-ODD INTERACTIONS
We start from the e-n P,T-odd interactions that lead to the dominant P,T-odd interactions in diamagnetic atoms. To arrive at the T-PT e-N interaction in an atom, we write the P,T-odd
Lagrangian for the e-n interaction as [16] 
where ε µναβ is the Levi-Civita symbol and
with the γ's being the Dirac matrices. C e−n T and C e−n P are the tensor-pseudotensor (T-PT) and scalar-pseudoscalar (S-PS) e-n interaction coupling constants respectively. Here ψ n and ψ e represent the field operators for the nucleon and electron respectively. This gives the T-PT e-N interaction Hamiltonian for atoms as [6] 
where G F is the Fermi constant, C T is the T-PT coupling constant, σ N = σ N I/I is the Pauli spinor of the nucleus with spin I, and ρ N (r) is the nuclear density.
Similarly, the Lagrangian for the other dominant P,T-odd π-n-n interaction is given by [16] L πnn e−n =ḡ
where the couplingsḡ
πnn with the superscript i = 1, 2, 3 represent the isospin components. This yields the corresponding e-N interaction Hamiltonian as [6] 
where S = S I I is the nuclear Schiff moment (NSM) and
The magnitude of NSM S is given by [58, 59] 
where g πnn ≃ 13.5 is the CP-even π-n-n coupling constant and a i are the polarization parameters of the nuclear charge distribution that can be computed to a reasonable accuracy using the Skyrme effective interactions in the Hartree-Fock-Bogoliubov mean-field method [58] . These couplings are related to the chromo-EDMs of up-quark (d u ) and down-quark (d d ) asḡ [16, 61] , whered u andd d are scaled to 10 −26 e-cm. Also, it yields a relation with the quantum chromodynamics (QCD) parameter (θ) by
πnn | = 0.018(7)θ [61] . From the nuclear calculations, one can obtain S ≃ (1.9d n + 0.2d p ) fm 2 [62] . Thus, it is necessary to obtain accurate values of C T and S by combining atomic calculations with the experimental EDM result to extract the magnitudes of the coupling constant C e−n T and the other fundamental CP violating parameters mentioned above in a reliable manner.
III. RELATIVISTIC ATOMIC MANY-BODY METHODS
The EDM of the ground state |Ψ 0 in an atom is given by
where D is the electric dipole moment operator. D is an odd-parity operator, so its expectation value will be zero if we consider only the electromagnetic interactions in the atoms. To obtain a non-zero EDM, the state |Ψ 0 must be obtained after including both the electromagnetic and weak interactions in the atomic systems. The dominant electromagnetic interactions in an atom arise due to the exchange of a single photon, and therefore we have performed our calculations in the present work in this approximation. These calculations exploit the spherical symmetry of the atoms. It would be appropriate to determine the atomic states considering first the dominant electromagnetic interactions alone and later treat the weak interaction of interest as a first-order perturbation. Consideration of both the electromagnetic and P,T-odd interactions simultaneously will mix orbitals of different parities and lead to a large configuration space for determining atomic wave functions, which require large scale computations. It is possible to reduce these computations substantially via an appropriate group symmetry for cases where the molecular orbitals are described using Cartesian coordinates. On the other hand, atomic orbitals due to the dominant electromagnetic interactions alone are described well by spherical coordinates leading to parity as a good quantum number in this case, thereby resulting in a reduction in the computational effort in performing the atomic calculations. P,T-odd interactions that have been considered in this work can be treated as first-order perturbations as their strengths are very weak.
To evaluate the atomic state functions due to the electromagnetic interactions, we consider the Dirac-Coulomb (DC) Hamiltonian which is given by
where α and β are the usual Dirac matrices, c is the speed of light, V N (r) represents for the nuclear potential and Λ + operators for the respective orbitals correspond to the projection operators on to positive energy levels of the Dirac orbitals. We evaluate the nuclear potential considering the Fermi-charge distribution defined by
for the normalization factor ρ 0 , the half-charge radius b and a = 2.3/4(ln3) are related to the skin thickness. We have used a = 2.3/4(ln3) and b is determined using the relation
with the root mean square (rms) charge radius of the nucleus determined using the formula r rms = 0.836A 1/3 + 0.570 (10) in f m for the atomic mass A.
We have also included the frequency-independent Breit interaction, which is the leading relativistic correction to the two-body Coulomb interaction in our present work. This interaction is given by
As mentioned earlier, we only consider first-order terms in the P,T-odd weak interactions. The total atomic Hamiltonian can, therefore, be written as
where H at represents the atomic Hamiltonian consisting of the DC Hamiltonian alone or with the Breit interaction added to it and λH P T corresponds to either of the P,T-odd Hamiltonians given by Eqs. (2) and (4). Here λ can be S or C T for the P,T-odd Hamiltonians. In this approach, the atomic wave function can be expanded as
keeping terms up to first-order in λ, where |Ψ are the wave functions of H at and its first-order correction due to one of the P,T-odd interaction Hamiltonians, respectively. Hence Eq.
(6) can be expressed as
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The actual quantity that is calculated is
so that it can be combined with the experimentally measured d a values to extract λ.
The first-order perturbed wave function |Ψ (1) can be calculated by two different approaches.
In the sum-over-states approach, we use the expression for the first-order perturbed wave function
where |Ψ 
Replacing H P T by D operator in the above expression will give α d value which can be measured precisely for many atomic systems. This is the reason why electric dipole polarizabilities are calculated and compared with the available experimental data and used as a metric to ascertain the reliability of the calculated value of R. The advantage of adopting the sum-over-states approach is that one has to calculate only the dominant low-lying state contributions and the uncertainties can be reduced by using experimental energies. However, this method cannot evaluate correlation contributions from the core and the continuum states which can be significant for heavy atomic systems. The most appropriate approach to obtain the first-order perturbed wave function involves solving the following inhomogeneous equation
where the first-order perturbed energy E
0 vanishes since H P T has odd parity. It is well known that the determination of |Ψ has to be made judiciously.
We discuss here two variants of all-order relativistic many-body methods, RPA and RCC, to determine R for the aforementioned atoms that are of experimental interest, i.e. 129 Xe, 171 Yb, 199 Hg, 223 Rn, and 225 Ra. Earlier, relatively simple many-body methods such as the relativistic third-order many-body perturbation theory (MBPT(3) method) and the relativistic RPA were employed to determine these quantities in 129 Xe and 223 Rn [34, 35] . These methods are not sufficiently powerful for performing rigorous calculations of R for atoms such as 171 Yb, 199 Hg and 225 Ra, where pair-correlation effects contribute significantly. So the combined CI+MBPT method has been employed to evaluate R values in these atoms [39] . In this hybrid method, the single particle orbitals are determined using a V Nc−2 potential, where N c is the total number of electrons and the electron correlation effects are accounted for by dividing the electrons into valence and core electrons.
To demonstrate the role electron correlation effects in the evaluation of R values, we first evaluate the DHF contribution using the expression
where |Φ 0 and |Φ I are the DHF wave functions of the ground and possible excited states of an atom and E DHF
0,I
are their respective energies. Since D is an one-body operator |Φ I represents singly excited determinants with respect to |Φ 0 .
By perturbing the DHF orbitals to first-order and adopting a self-consistent procedure, we can express the first-order perturbed wave function due to the P,T-odd interaction as
where we define
with the initial guess Ω
, for the singly excited determinants |Φ p a with subscript a and superscript p representing single excitation configurations by replacing an occupied orbital a from |Φ 0 by a virtual orbital p, ǫ stands for the single particle orbital energies and superscript k represents for orders of two-body interactions taken into account, which goes to infinity in this case. Adopting this procedure, we can evaluate R by
It can be shown from the above formulation that the RPA method subsumes a certain class of single excitations representing the polarization of the core by the P,T-odd interaction to all-orders.
This would be the dominant correlation effect for the inert gas atoms, where the pair-correlation effects are not very significant in the all-order perturbation calculations and this is evident from the RCC calculations.
Taking |Φ 0 as the reference state, |Ψ
is expressed in the (R)CC method as [63] 
where T (0) is the even parity RCC excitation operator due to the residual Coulomb interaction;
i.e. the difference of the two-body Coulomb and the DHF potential energies. In the particle-hole excitation formalism, we express
I are the amplitudes of the excitations and C + I stands for a string of annihilation-creation operators corresponding to a general particle-hole excitation. The equation for the ground state of H at is given by
with the exact ground state energy E
0 . The equations for the cluster amplitudes T (0) are obtained by using Eq. (23) 
where the de-excitation operators C − I are the hermitian conjugate (h.c.) of C + I and H at N = H at − Φ 0 |H at |Φ 0 is the normal order Hamiltonian. We use the notation O = e −T Oe T = (Oe T ) l through out the paper for a general operator O, where the subscript l stands for the linked terms [42] . For one-body and two-body operators O, O terminates naturally [42, 47] .
The inclusion of a weak P,T-odd interaction Hamiltonian or the electric dipole operator D, denoted by H λ now onwards, will modify the ground state wave function which can be written as
where the effect of the perturbation is represented by
I C + I with the amplitudes t I , which includes one-order of the weak odd-parity perturbation of interest and all-orders of the residual interaction. Here λ represents the strength of the coupling coefficient of a given P,Todd interaction or the electric field for the evaluation of d a and α d , respectively. The first-order perturbed wave function can be identified as
The equation for the amplitudes of T (1) can be obtained by solving [29] [30] [31] [32] [33] 
For the calculations of |Ψ (0) 0 and |Ψ
0 , we consider singles (one particle-one hole) and doubles (two particle-two hole) excitations in the RCC theory (CCSD method) by restricting to I = 1, 2 in the amplitude equations. From the point of view of computational efficiency, we construct the intermediate diagrams of H at N by dividing it into effective one-body and two-body intermediate operators as described in detail in Refs. [6, 64, 65] .
Following the above expression and expanding |Ψ 0 , we can evaluate d a and α d , commonly denoted here as X, for the ground state of a closed-shell atom by [31, 41, 42, 63] 
is a non-terminating series. The terms in the series can be computed uniquely by ensuring that they do not repeat. This is achieved by first considering the linear terms and contracting D that appears in D (0) with a T (0) or T †(0) operator. Next, the contributions from the non-linear terms are considered by and contractions are carried out with other T (0) and T †(0)
operators till self-consistent results are obtained.
In order to estimate the uncertainty in the calculations due to the neglected triple excitations in the CCSD method, we define an excitation operator using perturbation theory in the RCC framework in the following manner
2 ) pqr abc
where a, b, c and p, q, r subscripts denote for occupied and unoccupied orbitals, respectively. From the differences between the results of the CCSD method and the calculations carried out with the inclusion of the above operator as a part of T (0) , we find an order of magnitude estimate of the contributions of the triple excitations. It is pertinent to note that the triple excitation contributions coming through the T (1) RCC operators will be extremely small. We have estimated the above corrections from the singles equations of the CCSD method for reasons of computational simplicity in order get an idea about the sizes of the errors in our calculations of the properties that we have calculated in the present work.
IV. RESULTS AND DISCUSSION
In Table I, We also present results obtained from other methods in Table I . Our RPA values agree well with the RPA values of Ref. [39] . Our CCSD results do not match with those of other calculations as they take into account more physical effects. The PRCC and our CCSD methods are based on the same RCC formalism, but there is a difference in the implantation in the two cases. Unlike our approach, the normalization factor of the wave function appears explicitly in the PRCC method [40] . The CI+MBPT method takes the V Nc−2 potential in generating the orbitals for the reference state while our DHF wave function is based on the V Nc potential. The CI+MBPT and MCDF methods are not size-extensive unlike the RCC method. Besides our RCC work, the only other method used for the inert gas atoms is the RPA.
To demonstrate how the correlations effects contribute through different RCC terms to our results, we give their values by classifying them into three terms asD ob T
and
along with their h.c. terms for the properties in Table II .D ob represents the effective one-body part of the terms in the non-terminating seriesD of Eq. (29) and it is determined selfconsistently. By multiplying this effective one-body operator with the perturbed T
1 , we get the most dominant contribution. This term includes all the RPA contributions (that also contains the lowest-order DHF results) and the other dominant non-core-polarization effects as the net singly excitations. The other two terms represent contributions purely due to the non-core-polarization effects. The contributions from the later two terms are very small in the evaluation of d a , but they contribute significantly to the polarizabilities. The differences between the RPA values from
contributions suggest the importance of the non-core-polarization correlation effects in these studies. Therefore, it is imperative to employ a suitable many-body method that can treat all possible correlations on equal footing for reliable calculations of the EDMs and the dipole polarizabilities of atoms that we have considered.
V. CONCLUSION
We have demonstrated that the RCC theory is capable of determining the EDMs and the dipole polarizabilities of diamagnetic atoms to high accuracy. The importance of accounting for non-corepolarization effects to all-orders through the RCC theory for these properties in atoms, that are neglected in RPA have been highlighted. We have also shown that the electron correlation trends for EDMs and polarizabilities differ even though operators corresponding to them are both oddparity vector operators. This suggests that the electron correlation trends are strongly influenced by the radial behavior of the operators. Since the relativistic CCSD method is the most rigorous of all the methods we have employed to evaluate EDMs, it would be appropriate to combine the results based on it with those of the measured EDMs of diamagnetic atoms to obtain CP violating coupling constants in order to probe new physics beyond the standard model. 
